We genotyped a Chinese and an Indian-origin rhesus macaque using the Affymetrix Genome-Wide Human SNP Array 6.0 and cataloged 85,473 uniquely mapping heterospecific SNPs. These SNPs were assigned to rhesus chromosomes according to their probe sequence alignments as displayed in the human and rhesus reference sequences. The conserved gene order (synteny) revealed by heterospecific SNP maps is in concordance with that of the published human and rhesus macaque genomes. Using these SNPs' original human rs numbers, we identified 12,328 genes annotated in humans that are associated with these SNPs, 3674 of which were found in at least one of the two rhesus macaques studied. Due to their density, the heterospecific SNPs allow fine-grained comparisons, including approximate boundaries of intra-and extra-chromosomal rearrangements involving gene orthologs, which can be used to distinguish rhesus macaque chromosomes from human chromosomes.
Introduction
The rhesus macaque (Macaca mulatta) is the most commonly used non-human primate model in biomedical research. A clear understanding of this species' genome in relation to the human genome is vital to its application in biomedical studies of complex disease and other traits. Determining the location and nature of common features of human and macaque genetic variation necessitates dense genetic maps of orthologous regions in both taxa. As well as facilitating the discovery of highly conserved areas that presumably reflect important components of primate genomes, these comparative genomic techniques can identify genomic regions that evolved rapidly, reflecting adaptations that are either unique to one species or shared by both.
Despite their phylogenetic distance resulting from 25 million years of divergence, high levels of genomic orthology between humans and rhesus have been reported [1, 2] . Using their initial draft assembly of the rhesus macaque reference genome, Gibbs and colleagues [1] identified vast tracts within the rhesus macaque genome that exhibited DNA sequences associated with specific human diseases listed in the Human Gene Mutation database (http://www.hgmd.org). Yan et al. [3] demonstrated that specific macaque genes display a high degree of sequence similarity with human disease gene orthologs and genetic targets of drug development. It is likely that more such similarities are distributed throughout both the human and macaque genomes.
It is widely recognized that more information on rhesus macaques' genomes will be valuable to biomedical research and, consequently, the identification of rhesus-specific SNPs has increased since the publication of the species' reference genome in 2007 [1, [4] [5] [6] [7] . While little is known about the intra-specific genome-wide variation among rhesus macaques, far less is known about the distribution of relevant humanrhesus macaque gene orthologs and the concordance of gene order (synteny) in the two taxa. Genomic rearrangements of orthologs between humans and rhesus macaques are still not well-defined but could compromise the translation of candidate gene approaches between humans and rhesus macaques.
We used the Affymetrix (Santa Clara, CA) Genome-Wide Human SNP Array 6.0 that features 1.8 million genetic markers, including more than 906,600 SNPs to identify and catalog heterospecific SNPs (SNPs that are not species-specific) and associated orthologs between humans and rhesus macaques. Affymetrix assembled their SNP panels from the high-density SNP maps developed by the International HapMap (haplotype mapping) Consortium [8, 9] to identify common disease genes in humans [10] . Therefore, comparing the genome sequences of the human and the rhesus macaque will not only contribute to the assessment of evolutionary relationships between these species but also provide insights into their differentially conserved and rearranged orthologous regions that relate to similarities and differences in responses to treatment effects in biomedical research. Approximately one in 300 nucleotides in the human genome is polymorphic [11] and SNPs may be as abundant in the rhesus macaque genome [1] . Low coverage sequencing by the Indian rhesus macaque genome initiative revealed approximately 5.8 SNPs/kb of sequence [12] which is consistent with a similarly high SNP frequency in the rhesus macaque genome. Genotype data generated from the use of the SNP array 6.0 could provide among the highest-resolutions to date of patterns of variation and conservation of gene orthologs across large tracks of the human and rhesus macaque genomes.
Daly et al. [12] demonstrated that haplotype blocks that span up to 100 kb may contain five or more common SNPs. One 84 kb block containing 8 SNPs in their study exhibited only two distinct haplotypes accounting for 95% of the chromosomes studied [12] . Consequently, most humans should exhibit four to six haplotypes per block and only a few SNPs will be needed to identify which of the 4-6 common alternative haplotypes is present [11] . This finding implies that specific chromosomal regions need not be saturated with markers to provide a cohesive map for genome-wide analysis. Therefore, instead of genotyping hundreds of SNPs across small chromosomal regions, we chose to employ heterospecific SNPs as tag-SNPs to detect and characterize orthologous human-rhesus macaque chromosomal segments. Since all the loci included in the SNP 6.0 array have been localized within genes in the human genome, it is highly probable that a large number of the heterospecific genic SNPs can be mapped to the rhesus macaque genome via direct genomic comparison.
The significant genetic disparity between Chinese-origin and Indianderived rhesus macaques that stems from 160,000 years of genomic divergence [13] is well documented. Based on an examination of 150 kb of genic sequence data, Hernandez et al. [13] identified 1476 SNPs, only 33% of which were found in both regional varieties with the remaining 67% being Indian-specific or Chinese-specific. In contrast, Satkoski Trask et al. [14] reported that only one-third of the randomly identified SNPs in gene deserts and 3' coding regions are Chinese or Indian rhesus macaque-specific. Despite the different estimates of the prevalence of subspecies-specific SNPs in the two studies, this stark genetic differentiation between the two populations is in agreement with other reports that have relied on SNPs [4] , STRs [15] , and mtDNA [16] . The geographic regions from which the founders were derived also strongly influence the MHC haplotype composition of rhesus macaques [17] . Phenotypic differences between the two regional varieties of rhesus macaques, such as susceptibility to SIV [18] , undoubtedly result in part from such underlying genetic differences. It is possible that differences in susceptibility of the two macaque varieties to other diseases will be discovered as the use of non-human primate models increases [19] . Because of the substantial variation between the Chinese and Indian rhesus macaques [4, 15, 16] , we examined the conserved heterospecific SNPs in both varieties of rhesus macaques using the SNP 6.0 array to evaluate differences involving orthologous regions in these two macaque varieties.
We used these single-hit heterospecific SNPs to illustrate multiple regions of homology as well as significant chromosomal rearrangements involving regions containing putative gene orthologs in humans and macaques. The resulting orthology map is unique, as the orthologous SNPs (1) exceed the number of biomedically relevant loci currently available for rhesus macaques; (2) are localized in both the human and rhesus genomes; (3) encompass only shared human-rhesus polymorphisms, making genetic investigation in a rhesus macaque model more efficiently applied to human disease research; and (4) represent a minimal genome screening set of single-hit SNPs useful for genomewide scans across large samples of animals.
Results
From an initial list of 906,000 SNPs on the array 6.0, more than half (553,000) satisfied the initial quality screening criteria and were regarded as potentially orthologous in the human and rhesus genomes, and only about 10% of the total number of SNPs on the array, i.e., 85,473 (81,805 in Chinese and 78,407 in Indian rhesus macaques), were scored as conserved SNPs. Although all adjacent SNPs were not perfectly equidistant from each other, the median inter-SNP distance among the 85,473 SNPs was approximately 18.5 kb with a range of 0.005 kb (Chromosome14) to 36,219.779 kb (Chromosome1), and the first and third quantiles were 6.5 kb and 42.5 kb, respectively. Fig. 1 shows the distribution of single-hit heterospecific SNPs across each of the rhesus chromosomes (excluding the Y chromosome, which is not available in the rhesus draft sequence) and provides evidence of significant variability in heterospecific SNP density across human and rhesus chromosomes. The degree to which the single-hit heterospecific SNPs have been conserved in both human and rhesus macaque chromosomes is illustrated in Table 1 .
Synteny between rhesus and human chromosomes reflects largescale rearrangements, including inversions and translocations that have occurred within and among most chromosomes. Chromosomes 1, 8, 18, 19 and X reflect strong conservation of synteny consistent with the human-rhesus short tandem repeat (STR) map of Rogers et al. [20] . Marked similarities in patterns of marker arrangement were observed between human chromosome 3 and rhesus chromosome 2, and between human chromosome 10 and rhesus chromosome 9. These findings are in agreement with previous reports of comparative homologies of human, baboon and rhesus macaque chromosomes [21, 22] . As illustrated in Fig. 2a , rhesus chromosomes 12 and 13 corresponded to human chromosome 2, as previously observed in great apes [22] and baboons [23] based on G-banded karyotypes and in Japanese macaques [24] based on in situ suppression hybridization (reported using an older version of non-human primate chromosome nomenclature). This suggests that synteny among anthropoid chromosomes was maintained long before humans and chimpanzees diverged from their common ancestor. Because we relied on the macaque genome assembly to align our probes, our method detected most of the 23.6 Mb rhesus macaque genomic segment corresponding to the human chr2: 114,076,736-138 and 830,121 on rhesus chromosome 13, which represents a conflict between the rhesus genome assembly and cytogenetic inferences [25] . We also detected a much smaller span of human-rhesus homologous segment of approximately 0.1 Mb (i.e., from 1,298,361-1,408,977) on rhesus chromosome 12, in agreement with Roberto et al.'s [25] cytogenetic results which map parts of the homologous section downstream of the human 2p/2q boundary mapping to both rhesus chromosomes 12 and 13.
In our study, human chromosomes 7 and 21, 14 and 15, and 20 and 22 closely resemble rhesus chromosomes 3, 7, and 10, respectively (Fig. 2a) , as previously reported by Rogers et al. based on STRs [20] . Reconstruction of ancestral karyotypes in anthropoids suggested that Papionini, including baboons, drills, and mangabeys, who share these correspondences to humans with macaques, displays a derived fusion for homologs to human chromosomes 7 and 21, and 20 and 22 [26] , resulting in the reduction of chromosome number from the ancestral catarrhine genome (2n = 46) to that of macaques and Papionins (2n = 42). The association between human chromosomes 14/15 and the rhesus chromosome 7 has also been reported by Pearson et al. [21] , Wienberg et al. [24] , Best et al. [22] , and Murphy et al. [27] . According to Stanyon et al. [26] , the syntenic association 14/15 predates placental mammals and fission of the 14/15 syntenic association occurred in the ancestral stock of the Hominoidea, causing the ancestral karyotype of these species to increase to 2n= 48 chromosomes. Fig. 2b illustrates chromosome segments with conserved SNP probe synteny in the rhesus macaque reference genome (RheMac2) that have been superimposed onto the 23 human (HG19) chromosomes; Fig. 2c shows gene orthologs on rhesus macaque chromosome 9 in relation to human chromosome 10. These images reveal inter-and intrachromosomal rearrangements that are fundamentally similar to those revealed by the human-on-rhesus macaque chromosome paints and rhesus macaque radiation hybrid (RH) maps [27] [28] [29] [30] .
The detail provided by our dense heterospecific SNP distribution is several magnitudes greater for effectively delineating gene order and small chromosomal rearrangements such as the rhesus X-chromosome SNPs transposed to the short arm of the human Y-chromosome in Table 1 , which reflects a highly derived trait in humans [31] . However, specific assembly artifacts, including the microinversions of COMMD8 and GABRB1 markers reported by Karare et al. [32] , were also reproduced in our data. Our heterospecific SNPs that were erroneously localized to rhesus macaque chromosome 5 reflected the same general gene order as observed by Karare et al. [32] and our SNPs detected twice as many gene orthologs compared to their study (see supplementary document).
While 96% of the heterospecific single-hit SNPs were shared between the Chinese and Indian rhesus macaques, 4396 and 6396 heterozygous SNPs were identified in the Chinese and Indian animals, respectively. These observed ratios of homozygous to heterozygous loci in the Chinese and Indian animals, respectively, are concordant with the higher estimates of SNP-based genetic diversity in Indian than in Chinese rhesus macaques [33] .
A total of 79,367 human, 68,479 Chinese rhesus macaque and 65,801 Indian rhesus macaque heterospecific SNPs were successfully mapped to 12,328 human, 8926 Chinese rhesus macaque and 8798 Table 1 Number of heterospecific SNPs conserved across the human and rhesus chromosomes. Indian rhesus macaque gene orthologs, respectively (Table 2) . Of these, 3674 gene orthologs were found in the human and at least one of the two rhesus macaques, 3601 and 3563 of them in the Chinese and Indian rhesus macaque genomes, respectively, and 3490 of these genes were shared among all three genomes. The low number of gene orthologs discovered in the rhesus genome is consistent with Fawcett et al.'s [34] observation that the rhesus genome has not yet been adequately annotated. On average each human gene contained between 1 and 271 SNPs with an average of 6.4, while a maximum of 226 (mean = 7.7) and 216 (mean = 7.5) SNPs per gene ortholog were identified in the Chinese and Indian rhesus macaques, respectively.
Discussion
The approximately 85,000 probes originally designed to interrogate genic regions in the human genome that also hybridized to regions of the rhesus genome imply that the rhesus genome contains a high degree of human sequence identity in genomic regions of potential biomedical interest. The discovery of a large number of heterospecific SNPs in only two rhesus macaques that uniquely map to both the human and rhesus genomes reflects the extensive amount of conserved variation in macaques that remains to be tapped.
While the usefulness of our mapping procedures is limited by the verity of published alignment frame and annotations [35] , the concordance of our synteny maps with previously published work serves to validate our methods for localization of probes to published alignment frames. As alignment frames become more robustly validated and annotated, our methods for SNP discovery and ortholog localization will become powerful tools for assessing important genic diversity and genic linkages in human and Macaca genomes. This information will be valuable in determining the usefulness of macaques as research subjects for diseases of interest in humans.
Approximately 50% of the rhesus macaque genome is repetitive sequences, primarily transposable elements [1] . While the use of singlehit SNPs circumvented the problem of repetitive DNA, probes that mapped more than once to the rhesus genome may have aligned with authentic genes that occur in multiple copies in both humans [36, 37] and rhesus macaques [38, 39] . Analysis using the Galaxy program indicated that a significant number of potentially functional SNPs are shared between humans and rhesus macaques including many that are associated with known human traits and diseases. A total of 59,247 heterospecific SNPs were contained within all gene orthologs with an average of between 6 and 7 SNPs per gene in humans and approximately 8 SNPs per gene in rhesus macaques. Unlike Fawcett et al. [34] who observed SNP distributions to be random across the rhesus macaque chromosomes, the single-hit SNPs discovered in the present study are not evenly distributed, probably reflecting the non-random distributions of genic regions in the genome and the low frequency with which recombination events occur within conserved blocks.
Both Fawcett et al. [34] and Fang et al. [40] reported far more SNPs than the present study, i.e., between 3 and 5.5 million, respectively, of which only 4472 and 18,324 were non-synonymous. The exclusive use of SNPs first identified in humans may have introduced an ascertainment bias that reduced the level of variability discovered in the rhesus macaque samples [41, 42] . However, unlike our SNPs, Fawcett et al. [34] and Fang et al.'s [40] SNPs have not been associated with pre-existing human rs numbers nor are they traceable in both genomes using related-tracks in the UCSC genome browser.
Were the rhesus gene annotation more complete and accurate [35] , more rhesus macaque gene orthologs and other functional units would have been already identified, since many more genes with precise Table 2 Number of single-hit heterospecific genic SNPs per gene ortholog in human and rhesus macaques. The list of gene orthologs has been provided as supplementary documentation. The numbers of Chinese and Indian gene orthologs also found in humans are parenthesized and the number of human gene orthologs found in at least one of the rhesus macaques is bracketed. Comparison of human and rhesus chromosomes reveals that synteny is confined to conserved segments and inversions are the most common type of rearrangements. Many genes on a particular human chromosome have orthologs on a different rhesus chromosome. The overall data generated here reveals that genomic rearrangements, including inter-chromosomal translocations and intra-chromosomal inversions, have occurred frequently during primate genome evolution and could have contributed significantly to genetic diversity among primates. The extent to which single-copy gene orthologs are conserved in these human and rhesus chromosomes strongly implies that these chromosomes are likely to be functional equivalents in humans and rhesus macaques and conserved across evolutionary time.
The inclusion of a Chinese and an Indian animal in the present study allowed us to evaluate the intraspecific genetic differences involving orthologs that are specifically relevant to biomedical research. Fang et al. [40] calculated that 97% of the heterozygous positions in Indian rhesus macaques were also present in Chinese rhesus macaques. In the present study, Chinese rhesus macaques exhibited 96% of the human-Indian rhesus gene orthologs, but only 70% of the inferred heterozygous positions in the Indian rhesus macaque were also observed in the Chinese rhesus macaque. This is surprising since the single-hit SNPs were discovered in the present study without prior knowledge of their variability in either macaque variety. Furthermore, both these individuals exhibited comparable levels of heterozygosity across 2808 rhesus-specific SNP loci [33] . Nevertheless, some of our 3674 heterospecific SNPs that are annotated in the rhesus genome are probably non-synonymous and contribute to phenotypic variation within populations [43] .
While conserved in humans and macaques, the gene orthologs can aid in phylogenetic studies by revealing highly derived differences involving large-scale genome rearrangements in both species. This unique resource will enable a SNP-based comparative mapping of human-macaque gene orthologs for describing gene order (synteny) and rearrangements across chromosomal segments in both taxa. Moreover, being amenable to large scale linkage analysis, this resource promises to be a useful tool for resolving assembly ambiguities in the rhesus draft genome. Additionally, it allows the addition of markers in a stepwise fashion to the growing framework map. By assaying an optimal set of heterospecific reference SNPs, our approach may provide a comprehensive framework for creating a map of biomedically relevant human gene orthologs in the rhesus genome. Framework maps for each individual rhesus chromosome will provide a backbone on which to build a series of ever more detailed physical maps. A detailed high resolution map would enhance our ability to characterize the genetic structure of captive rhesus macaque populations across orthologous regions of the genome. The combined ability to conduct interspecies and cross-population genome scans and comparisons with high density heterospecific SNPs may someday elucidate the complete genetic architecture of simple and complex disease susceptibility.
While studies that rely on genome-wide analyses of large cohorts of subjects can detect and map disease susceptibility genes [44] , population stratification and relatedness can produce spurious associations if not properly addressed [45] . Significant genetic structure in captive populations of rhesus macaques has been reported [15, 17, 46] due to interspecies hybridization (e.g., between rhesus and cynomolgus macaques in Indochina), introgression between Chinese and Indian rhesus macaques, founder effects, and inter-generational genetic drift. Because our technique is applicable to large-scale tracking of genetic variation across large sample sets, it can help clarify the unknown genetic structures of orthologous regions that are conserved and/or rearranged in rhesus macaques. Moreover, our method facilitates detecting and tracing the transmission of heterospecific SNPs in members of multigenerational pedigrees to identify groups of linked markers.
Materials and methods

SNP genotyping
Genomic DNA (960 ng/μl) from one female Chinese and one female Indian rhesus macaque were obtained from the California National Primate Research Center. A human female DNA sample (1 μg/μl) was purchased from Zyagen (San Diego, CA). Each sample was hybridized to the Affymetrix Genome-Wide Human SNP Array 6.0, according to the manufacturer's protocol. This array features 1.8 million genetic markers, including more than 906,600 single nucleotide polymorphisms (SNPs). The arrays were washed and stained on a Fluidics Station 450 and scanned on a GeneChip Scanner 3000. The Affymetrix GTC Console was used to assess the built-in quality control metrics using the Contrast Quality Control algorithm and SNP data that failed the quality control checks were eliminated from subsequent analyses. Subsequent to passing validation, SNP genotypes from both the human control sample and rhesus macaque test samples were processed with the CRLMM Bioconductor package [47] . More than 553,000 SNPs suspected to be orthologous in humans and rhesus macaques were identified at this stage.
Identification and validation of probes and SNP calls in orthologous gene regions
Since the SNP 6.0 array uses the hybridization of 25-mer probes to query both strands at multiple offsets with respect to each SNP [10] , it was necessary to filter probes that occurred more than once in the human genome (i.e., probes that cannot be mapped to a unique position) in the rhesus macaque genome. SNP locations, genotypes, probe sequences, and annotation information were downloaded from the Affymetrix website (https://www.affymetrix.com). For each SNP, perfect match (PM) probes for both alleles were aligned to the UCSC rhesus macaque 2 genome (rheMac2) using BWA [48] and to expressed sequence tags (ESTs) from GenBank (also downloaded from the UCSC website: http://genome.ucsc.edu). An integrated analysis combining the rhesus genome and EST sequences increased the likelihood of detecting unreliable probe-template matches including probes that did not uniquely map to the rhesus genome. To further decrease the probability of spurious matches due to EST sequences that anneal to gene regions within the rhesus genome, procedures using the genome and EST sequences were performed separately. SNPs within probes that aligned to multiple locations to the rhesus genome or to multiple regions in the ESTs (i.e., multi-hit SNPs) were removed from the dataset, reducing the risk of querying paralogous sites. To prevent ambiguous hits and false matches, only one probe per SNP was required to perfectly align with the rhesus genome to ensure that at least one of the human SNPs matched at a specific SNP site in the rhesus genome.
The human and rhesus reference genomes were used as initial scaffolds to anchor the single-hit SNPs to chromosomal regions. Using the single-hit SNPs generated from the unique probe alignments in the rhesus genome, the aligned positions of these probes (in rheMac2) were compared to the rhesus chromosomal region shown as orthologous to that SNP's position (in hg19) in the UCSC Genome Browser's Primate Chain/Net Comparative Genomics track. This yielded a list of human SNPs that have probe sequences localized to areas of the rhesus genome that have already been determined to be orthologous to humans.
SNP-based comparative mapping
We used the alignment information of the entire set of single-hit probes in both rhesus macaques to locate each SNP on each rhesus chromosome and determine the distribution of single-hit SNPs across each of the rhesus autosomal chromosomes and the X chromosome. These SNPs were sorted according to their map locations on each chromosome to calculate inter-SNP distances. The grDevices package in R was utilized to calculate the quantile statistics of the distribution of SNPs across each chromosome, and these statistics were plotted using the Graphics package in R version 2.13.2 [49] .
By explicitly mapping SNP alleles to both the human and rhesus genomes, we have increased the SNP 6.0 array's sensitivity in detecting heterospecific SNPs. Using the Galaxy program [50] , we mapped each of the single-hit rhesus SNPs to genes in NCBI's annotated rhesus macaque genome (Build 1.2; ftp://ftp.ncbi.nih.gov/genomes/MapView/ Macaca_mulatta/sequence/BUILD.1.2/initial_release/) and human genome (Build 37.3; ftp://ftp.ncbi.nih.gov/genomes/MapView/Homo_ sapiens/sequence/BUILD.37.3/initial_release/). The genes for both species associated with specific SNP rs numbers were tallied before the gene information in human and rhesus macaques was compared.
